Abstract A drain spacing formula is derived considering the variation in radial flux and the area above the drain level in the radial flow zone. The extent of the radial flow zone is ascertained by applying a mass balance and differentiability criterion of the water surface profile at the interface of radial and DupuitForchheimer flow zones. The radial flow zone extends from the centre of the tile drain a distance of 2/π times the depth to impervious layer below the drain. For a normal ratio of recharge rate to hydraulic conductivity (R/K ≤ 0.0025), the water surface profile in the radial flow zone computed using Hooghoudt's formula is very different from the profile obtained by the new drain spacing formula; however, Hooghoudt's formula computes the maximum water table height which marginally differs from that found by the present method. For a ratio of high recharge rate to hydraulic conductivity (R/K = 0.1) and close drain spacing (L/D = 2), the difference in the maximum heights is 21%. Hooghoudt's formula overestimates the maximum water table position for L/D < 40. Unlike Hooghoudt's equivalent depth, the equivalent depth obtained using the present method is a function of the ratio of recharge rate to hydraulic conductivity.
INTRODUCTION
The required spacing of subsurface parallel tile drains to contain the water table below the root zone in a shallow aquifer is determined using the innovative equivalent depth defined by Hooghoudt and the Dupuit-Forchheimer (D-F) equation with an assumption of a steady-state recharge. Hooghoudt's original drain spacing formula, derived using the method of images, contains an infinite series. By introducing the concept of equivalent depth, Hooghoudt replaced his original drain spacing formula with a simpler one, which is widely used. Hooghoudt assumed the flow to be radial upto a distance of D/√2 from the drains, where D is the thickness of soil layer below the tile drains, and converted the radial flow zones and the central D-F horizontal flow zone into a single equivalent D-F zone. While deriving the equivalent depth, the area of flow above the drain level has been neglected. The equivalent zone is bounded by vertically walled, fully penetrating ditches having the same water level as that in the tile drains and has a reduced saturated depth, such that the maximum water table heights above the drain level in both the drainage systems are equal. The equivalent reduced saturated depth accounts for the extra resistance arising due to flow convergence towards the tile drains. Kirkham (1958) provided an exact mathematical solution to the drainage problem by solving the Laplace equation in a conceptual confined flow domain using Fourier series. Wesseling (1964) compared Hooghoudt's solution with that of Toksoz & Kirkham (1961) and found that the two never differed by more than 5%. Van Schilfgaarde (1963) presented a graph of equivalent depth as a function of drain spacing and depth of soil layer below the pipe drains for a drain diameter of 12.7 cm. Moody (1966) gave a simplified expression for finding equivalent depth for any drain diameter. Kirkham (1966) elaborated that Hooghoudt's theory gives the midpoint water table height but does not give the shape of the water table. Van Schilfgaarde (1970) highlighted the usefulness of the equivalent depth concept, which offers a powerful means for analysing non-steady flow problems to drains. Sakkas (1975) generalized the Hooghoudt's series solution by introducing dimensionless variables and recomputed the equivalent depth table. A unique nomographic solution for equivalent depth and drain spacing has been presented by Sakkas (1975) . Later, Sakkas & Antonopoulos (1981) developed simple algebraic relationships for computing equivalent depth and drain spacing. Wesseling (1983) described an elaborate procedure for finding the equivalent depth. Miles & Kitmitto (1989) found that, for homogeneous and isotropic flow domain, application of Hooghoudt's equivalent depth yields good results for the rate of water loss to the drains and position of the water table mid-way between the drains. For an infinite aquifer thickness, Van der Molen & Wesseling (1991) , using conformal mapping, derived a solution in closed form for maximum hydraulic head mid-way between the drains, and an expression for equivalent depth, which was observed earlier by Hooghoudt (1940) . Applying the method of "mirror images", Van der Molen & Wesseling (1991) presented a series solution simpler than that given by Kirkham and compared equivalent depths given by Hooghoudt's formula with those given by Moody's approximate formula and their simpler series solution. The equivalent depths computed by these methods match very closely.
In this paper, a drain spacing formula is derived considering the variation in the radial flux and the area of flow above the drain level in the radial flow zone. Unlike Hooghoudt's assumption that the flow is radial upto a distance of D/√2 from the drains, the extent of the radial flow zone is derived by applying a mass balance and differentiability criterion of the water surface profile at the interface of radial and D-F flow zones.
STATEMENT OF THE PROBLEM
Parallel tile drains of radius r 0 are laid at a height D above a horizontal impervious layer as shown in Fig. 1 . The soil is homogeneous and isotropic having hydraulic conductivity K. The flow to the drains due to a constant recharge rate R has reached a steady-state condition. The tile drains run half filled. The flow is radial near the drains, but the extent of the radial flow zone is unknown a priori. In the central zone, DupuitForchheimer assumptions are applicable. The objective of the present study is to derive an expression for the water surface profile and the maximum height of water table above the drain level for known drain spacing. 
DERIVATION OF DRAIN SPACING FORMULA
The flow equations in radial and the D-F zones are solved to determine the head loss in each region and the maximum height of water surface profile is subsequently determined adding the heads dissipated in each zone.
Extent of radial flow zone
The extent of the radial flow zone is derived by applying a mass balance and differentiability condition at the interface of the radial and horizontal flow zones. Applying Darcy's law, the radial flux, q(r), at a distance r from the centre of the drain is given by:
in which A(r) is the area through which radial flow takes place per unit length of drain at radial distance r, A(r) = (π/2)r +rθ ≅ (π/2)r +h(r); h(r) is the hydraulic head at radial distance r and θ is the angle in radian subtended by height ( ) r h at the centre of the tile drain. The hydraulic head in the radial flow zone is measured from the drain level. Let h(r r ) be the height of water table above the drain level at the interface, r = r r . The inflow to the radial flow zone at the interface is:
The horizontal flux in the D-F zone is given by: The outflow from the D-F zone is:
Since the water surface profile should be differentiable at the interface,
Equating the inflow to the radial flow zone (equation (2)) with the outflow from the D-F zone (equation (4)) and incorporating equation (5) one obtains:
Dissipation of head in the radial flow zone
The flux at radial distance r is:
in which L is the spacing of the drainpipes and R is the uniform recharge rate. Substituting q(r) and A(r) in equation (1) one obtains:
The boundary condition to be satisfied is: at r = r 0 , h = 0. The unknown hydraulic head h(r r ), that prevails at the common boundary of the radial flow and horizontal flow zones, is to be determined. Equation (8) is a first-order nonlinear differential equation and is solved by standard method (see Appendix). After implementing the boundary condition, the following three equations, containing the unknown head h(r r ) at r r = 2D/π, for different ranges of R/K, are obtained: 
Depending upon the value of R/K, one of the equations (9a), (9b) and (9c) is to be used to compute h(r r ). As the equation is nonlinear, the Newton-Raphson technique is applied to solve h(r r ) for known r 0 , L, D, R and K.
Dissipation of head in horizontal flow zone
The governing differential equation in the horizontal flow zone, L -4D/π, (Fig. 1) , in which D-F conditions are satisfied, is:
The hydraulic head, H(x), is measured from the impervious boundary. The boundary conditions required to be satisfied are: at x = 0 and
. Satisfying these conditions, the variation of head H(x) with x is found to be:
which h 1 is the maximum height mid-way between the tile drains above the water level at x = 0 in the D-F zone. Incorporating this condition in equation (11) and simplifying one obtains:
The maximum water table height above drain level, h max , is given by:
Thus, knowing h(r r ) from equation (9), h max can be computed from equation (13).
RESULTS AND DISCUSSION
The dimensionless head dissipated in the radial flow zone, h(r r )/L, is computed for Table 2 shows the head at the outer boundary of the radial flow zone, the maximum head that develops at the centre between the tile drains, i.e. the maximum water table rise above the drain level and the percentage of the maximum head that gets dissipated in the radial flow zone. The maximum area of flow in the radial flow zone is given by (π/2)(2D/π)+ h(r r ). It may be seen that for R/K = 0.01, L = 100 m, D = 5 m, r = 2D/π, i.e. at the outer boundary of the radial flow zone, the area of flow above the drain level is 13.8% of the total area of flow. For L = 200 m, the corresponding area of flow above drain level at the outer boundary is 21.6%. With higher drain spacing, the area of flow above the drain level is a significant percentage of the total flow area. While computing the head, which gets dissipated in the radial flow zone, the area of flow above the drain level has been neglected in Hooghoudt's equation. Marshall et al. (1996) reproduced the dependence of h max /L as a function of dimensionless recharge rate, R/K, which were originally obtained by Childs (1943) using an electrical analogue model. In Fig. 2, a For a ratio of high recharge rate to hydraulic conductivity (R/K = 0.1) and drain spacing that is four times the thickness of the soil layer below the drains, the h max computed by the present method is 1.588 m. Hooghoudt's equivalent depth is 1.861 m, the maximum head computed from Hooghoudt's equation is 1.808 m, and the difference in the maximum height is 14%. For closer drain spacing (L/D = 2), the difference in the maximum height is 21%. Hooghoudt's formula overestimates the maximum water table position. Thus Hooghoudt's equivalent depth can be conveniently used for computation of maximum water table height and is more reliable. The correspondence between the new method and Hooghoudt's drain spacing formula is presented using the following data reported by Wesseling (1983) : hydraulic conductivity, K = 0.8 m d -1 ; radius of tile drain, r 0 = 0.1 m; depth to impervious layer below drain level, D = 5.0 m; average recharge rate, R = 0.002 m d -1 and h max = 0.6 m. The required drain spacing, L, computed using Hooghoudt's formula is 87 m (Wesseling, 1983) . Using the new method, the corresponding spacing is found to be 88 m. The water surface profiles obtained from both methods for L = 88 m are compared in Fig. 3 . For a very small value of R/K (= 0.0025), Hooghoudt's method overestimates the maximum water table height marginally, but underestimates considerably the water table position near the drain, as seen from Fig. 3 . Kirkham (1966) also found that Hooghoudt's theory gives the midpoint water table height, but does not give the shape of the water table. Hooghoudt's equivalent depth is not meant for computing the water surface profile near the drain where the flow is radial. A comparison of the new method and Hooghoudt's method given in Table 3 indicates that the two methods compute h max /L values which marginally differ.
A comparison of the equivalent depths obtained from the present method with those computed by Van der Molen & Wesseling (1991) is presented in Table 4 . For L/D < 40, the equivalent depths computed by the present method are higher than those computed by other methods. Higher equivalent depth means lower maximum hydraulic head midway between drains. Thus Hooghoudt's method and other methods overestimate the maximum height, and drainage spacing computed using these equations is more reliable. To facilitate easy computation of drain spacing, equivalent depths similar to those given by Hooghoudt are presented in Tables 5, 6 and 7 for known values of L, D, r 0 and R/K. It can be seen from the tables that, for D = 5 m, L = 50 m, for R/K = 0.001, 0.01, 0.1, the equivalent depths are 3.16, 3.25 and 3.48 m respectively. The corresponding Hooghoudt's equivalent depth is 3.02 m. Unlike Hooghoudt's equivalent depth, the equivalent depth in the present method depends on R/K. Using the equivalent depths presented in the tables, one can find h max using Hooghoudt's equation (Wesseling, 1983; Raadsma, 1974) :
The relationship between h(r) and r that gives the water surface profile in the radial flow zone has been derived in the Appendix. Replacing 2D/π by r and h(r r ) by h(r) in equation (9), one can find this profile. 
CONCLUSIONS
A drain spacing formula has been derived considering the variation in flow and the area above the drain level in the radial flow zone. The extent of radial flow has been determined from mass balance and differentiability criterion of the water surface profile at the interface of radial flow and Dupuit-Forchheimer flow zones. The extent of radial flow zone is found to be 2/π times the thickness of soil layer below the drains. soil layer below the drains) the difference in the maximum height is 21%. Hooghoudt's formula overestimates the maximum water table position for L/D < 40. Thus Hooghoudt's equivalent depth can be conveniently used for computation of maximum water table height and is more reliable. The simple Hooghoudt's drain spacing formula based on equivalent depth is accurate enough to be used for drain spacing. The water surface profile in the radial flow zone computed using Hooghoudt's equivalent depth differs considerably from that computed by the new method. 
For R/K less than, equal to or greater than π 2 /16, the integration can be obtained from standard table.
